IEX-1, an immediate early gene, is widely expressed in epithelial and endothelial tissues, and is altered by a variety of growth regulatory factors. We have shown that expression of IEX-1 in keratinocytes increases the growth rate of these cells. The eects of IEX-1 on apoptosis, however, are unclear. To clarify the eects of IEX-1 on apoptosis, we investigated the eects of IEX-1 expression in keratinocytes (HaCaT cells) in the basal state and after the induction of cellular stress. Under normal, non-stressed conditions, both control (HaCaT) and IEX-1-transfected (IEX ± HaCaT) cell lines showed no signi®cant dierences in the activity of a key apoptotic enzyme, caspase 3 despite signi®cantly higher levels of IEX-1 expression. IEX ± HaCaT cells grew faster than HaCaT cells. When both cell lines were irradiated with ultraviolet B radiation, caspase 3 activity increased to a greater extent in the IEX ± HaCaT cells than in HaCaT cells. Camptothecin increased caspase 3 activity twice as much in the IEX ± HaCaT cells when compared to HaCaT cells. When histone-complex DNA fragments were measured in IEX ± HaCaT or HaCaT cells following UVB irradiation or treatment with camptothecin, signi®cantly higher amounts of nucleosomes were seen in the IEX ± HaCaT transfected cells. Likewise, serum deprivation induced higher degrees of apoptosis in IEX ± HaCaT cells than in HaCaT cells. We conclude that overexpression of IEX-1 in HaCaT keratinocytes increases the growth rate of cells under basal conditions; in the basal state the rate of apoptosis is unchanged. However, the rate of apoptosis increases in IEX-1 overexpressing HaCaT keratinocytes after cells are subjected to stress. Oncogene (2001) 20, 7992 ± 7997.
Introduction
IEX-1 is an immediate-early gene that is regulated by X-irradiation, ultraviolet radiation, growth factors such as EGF, tumor-promoting phorbol ester, by peptide growth factors such as pituitary adenylate cyclase activating peptide, by steroid hormones such as 1a,25-dihydroxyvitamin D 3 and during cellular dierentiation (Kondratyev et al., 1996; Kumar et al., 1998; Kobayashi et al., 1998; Pietzsch et al., 1997; SchaÈ fer et al., 1998 , SchaÈ fer et al., 1996 . The mouse orthologue for IEX-1 is gly96 (Charles et al., 1993) . The gene for IEX-1 encodes a protein with a predicted molecular weight of 17 000 daltons. The protein is posttranslationally modi®ed by glycosylation. On Western blot analysis, protein bands with M r *20 000 and 27 000 (representing deglycosylated and glycosylated forms) are seen in extracts of cells. We have shown, and others have con®rmed, that IEX-1 increases the growth rate of cells suggesting that the protein plays an important role in the control of cellular growth SchaÈ fer et al., 1999a) . This is further supported by our observation that IEX-1 is a nuclear protein whose nuclear location is altered by steroid hormones such as 1a,25-di-hydroxyvitamin D 3 .
The role of IEX-1 in apoptosis is less clear. Wu et al. (1998) demonstrated that a variant of IEX-1, IEX-1 long (IEX-1L), protected Jurkat IkBa cells (expressing a mutant IkBa protein) and p65K03T3 cells (from RelA-1-mice) from TNFa-induced and Fas-induced apoptosis. Subsequent investigations demonstrated that IEX-1L was an artifact of the dierential display PCR process used to identify IEX-1 and that IEX-1L transcripts were absent in native cells in vivo or in vitro (SchaÈ fer et al., 1999a) . Recently, Arlt et al. (2001) showed that IEX-1 does not prevent cell death, but instead triggers apoptosis in Hela cells. In addition, Grobe et al. (2001) demonstrated that 293 cells in which the IEX-1 gene had been functionally disrupted, were much less sensitive to apoptosis induced by an activating fas/CD95 antibody or by the anticancer drugs, etoposide and doxorubicin. In view of this con¯icting data, we investigated whether keratinocytes that normally express IEX-1 manifest changes in the rate of apoptosis when IEX-1 expression is increased. We show that IEX-1 overexpression in HaCaT Oncogene (2001) 20, 7992 ± 7997 ã 2001 Nature Publishing Group All rights reserved 0950 ± 9232/01 $15.00 www.nature.com/onc keratinocytes is associated with an increase in the growth rate of cells in the basal state and no change in the rate of apoptosis. Remarkably, however, when HaCaT cells are stressed, the rate of apoptosis in IEX-1 over-expressing cells increases to a much greater extent than in normal cells.
Results
To investigate the eects of IEX-1 overexpression in HaCaT cells, the cDNA sequence of IEX-1 was cloned into a plasmid expression vector. The expression of IEX-1 mRNA in this cell line was signi®cantly higher than in the control transfected HaCaT cell line, under growth conditions with serum, as well as after serum withdrawal (Figure 1) . 3 HThymidine incorporation was signi®cantly increased in IEX-1 transfected cells, con®rming previous data demonstrating that HaCaT cells transfected with an IEX-1 expression vector grow more rapidly than mock-transfected cells (data not shown, Kumar et al., 1998) .
The in¯uence of IEX-1 overexpression on the apoptotic activity of HaCaT cells was examined by stressing cells either with camptothecin treatment, irradiation with UVB or serum deprivation. These maneuvers generally induce apoptosis in cells. Treatment of untransfected HaCaT cells with the polymerase I inhibitor, camptothecin (5 mM) increased IEX-1 mRNA abundance within 30 min, with a maximum at 4 h, followed by a subsequent decline (Figure 2 ). The activity of the apoptotic enzyme, caspase 3, was assayed to measure programmed cell death activity in the treated cell cultures. In the basal state, both the control mock-transfected, and the IEX-1 transfected cell lines showed similar caspase 3 enzymatic activity of 24026+1375 and 22503+2019 uorescence units, respectively (P=ns). Furthermore, no increase in caspase 3 activity in untreated cells was observed over the time course of the experiments. For subsequent time course experiments, 0 time values for caspase 3 were set at at 100% in each cell line. After 3 h treatment with 5 mM camptothecin, caspase 3 activity increased twofold in the IEX-1 ± HaCaT cells, whereas in the control (mock-transfected) cells the activity increased only 1.25-fold. After 6 h of treatment, caspase 3 activity increased 2.5-fold in the IEX-1 transfected cells compared with a 1.6-fold increase in mock-transfected cells ( Figure  3a) . These results were con®rmed by assaying nucleosome formation. IEX-1 ± HaCaT cells treated with 5 mM camptothecin, showed a 2.2-and 3.8-fold increase in cytoplasmic nucleosome formation after 3 and 6 h, respectively, compared with a 1.7-and 2.3-fold increase observed in the mock-transfected cells (Figure 3b) .
Similarly, UVB treatment increased apoptotic activity in IEX-1 ± HaCaT cells to a greater extent than in normal HaCaT cells. Compared to the control mocktransfected cell line, irradiation with 400 J/m 2 UVB was followed by a signi®cantly greater increase in caspase 3 activity in the IEX-1 transfected cell line. In the IEX-1 transfected cells, caspase 3 activity increased 2-and 3.5-fold at 3 and 6 h, respectively. The increases in mock-transfected cells were 1.1-and 1.5-fold at 3 and 6 h, respectively ( Figure 4a ). Compared to the untreated control groups, 3 h after irradiation with 400 J/m 2 UVB, the nucleosome fraction in the cytoplasm increased 1.4-fold in the control mocktransferred cell line and 2.3-fold in the IEX-1 ± HaCaT cell line. Six hours after irradiation, the IEX-1 transfected cell line showed a fourfold increase compared to a 1.9-fold increase in the control cell line ( Figure 4b ).
We next examined the apoptotic activity in serumdeprived cells. IEX-1 ± HaCaT and HaCaT cells, plated at similar densities, were serum deprived for several days. Caspase 3 activity was assayed to assess the apoptotic activity in the cultures. After 3 days, an elevation in caspase 3 activity was noted in the IEX-1 ± HaCaT cells; after 6 days of serum deprivation, a marked increase in caspase 3 activity was observed. Over the entire period, caspase 3 activity in the sham transfected cell cultures showed no signi®cant increase (Figure 5a ).
Increased numbers of detached,¯oating cells in the culture dishes of the IEX-1 ± HaCaT cells were observed following serum removal. To determine if this was associated with increased apoptotic activity in the IEX-1 ± HaCaT cells, caspase 3 activity assay was measured in both IEX-1 and mock-transfected cells. After 3 days in cell culture, and without refeeding, caspase 3 activity in attached cells was 180% for IEX-1 ± HaCaT compared to control, mock-transfected HaCaT (Table 1 ). There were also signi®cantly morē oating cells, based on total protein determination of pelleted cell material, in the IEX-1 ± HaCaT cultures (1.8-fold increase). The crude caspase 3 activity was 3.25, and the adjusted caspase 3 activity (caspase 3 activity/ protein) was 1.8-fold greater for the IEX-1 ± HaCaT cells than mock-transfected cells (Table 1) .
To investigate the in¯uence of treatment with apoptosis-inducing agents on the intracellular localization of the IEX-1 protein, HaCaT cells were transfected with a c-terminal GFP expression vector containing the IEX-1 DNA. Cells were subsequently treated either with 400 J/m 2 UVB or with 5 mM camptothecin and incubated for various time periods. As reported previously, the protein was localized in the nucleus of HaCaT cells. Dierent intra-nuclear distribution patterns were observed, but none of these patterns correlated with a speci®c treatment (data not shown).
Discussion
IEX-1 is a unique immediate ± early gene that was initially identi®ed following the exposure of human squamous carcinoma cells to X-irradiation (Kondratyev et al., 1996) . Other reports showed that a similar gene named PRG1 was induced in a rat pancreatic carcinoma cell line, AR4-J by the novel gut ± brain hormone, , 1996) . Yet others showed that IEX-1 was rapidly down regulated during macrophage dierentiation (Pietzsch et al., 1997) . We showed that IEX-1 was a dierentially regulated gene in 1a,25-dihydroxyvitamin D 3 treated cells and that the expression of the mRNA was increased in keratinocytes exposed to UV radiation Kobayashi et al., 1998) . IEX-1 is a 156 amino acid protein with a predicted molecular weight of 17 141 daltons. The protein is glycosylated. Both deglycosylated and glycosylated forms of IEX-1 are observed on Western blots of tissues with M r 20 000 and 27 000, respectively. Northern analysis reveals a 1.2 kilobase transcript (Kondratyev et al., 1996; Kumar et al., 1998; Pietzsch et al., 1997; SchaÈ fer et al., 1996) . The gene is super-induced by pretreatment of cells with cycloheximide, suggesting that it is an immediate ± early gene (Kondratyev et al., 1996; Kumar et al., 1998) . The gene is also signi®cantly induced by a protein kinase C activator, 12-0-tetradecanoyl-13-acetate (TPA) and the protein phosphatase inhibitor, okadaic acid, as well as by tumor necrosis factor a (Kondratyev et al., 1996; Kumar et al., 1998; Kobayashi et al., 1998) . We showed that the gene is rapidly upregulated by EGF and downregulated by 1a,25-dihydroxyvitamin D 3 Kobayashi et al., 1998) . The protein is located in the nucleus of the cell, and treatment of cells with 1a,25-dihydroxyvitamin D 3 results in an eux of the protein from the cell nucleus . We showed that cells transfected with IEX-1 had a higher growth rate than sham-transfected cells . Others have con®rmed these observations (SchaÈ fer et al., 1999a). Thus, existing data provide evidence for a role of IEX-1 in the control of cellular growth.
Initial reports suggested that an IEX-1 variant, named IEX-1L (long) protected Jurkat cells from apoptosis induced by UV radiation and tumor necrosis factor a. Subsequently, it was shown that IEX-IL was an artifact and did not exist in cells maintained in culture and in vivo (SchaÈ fer et al., 1999a). Arlt et al. (2001) and Grobe et al. (2001) have examined the apoptotic properties of IEX-1. They have demonstrated that Hela cells overexpressing IEX-1 have an increased rate of apoptosis . Grobe et al. (2001) have shown that downregulation of IEX-1 expression in 293 cells is associated with a decrease in the rate of apoptosis. Since IEX-1 is expressed in large amounts in epithelial cells and particularly in keratinocytes, we investigated whether the overexpression of IEX-1 was associated with increases in the rate of apoptosis (Feldmann et al., 2001) . We demonstrate conclusively that IEX-1 overexpression is associated with an increase in the rate of apoptosis when cells are stressed by UV irradiation, the DNA damaging agent, camptothecin or serum deprivation. Increase in apoptosis has been measured both by assays of caspase 3 activity as well as by determining histone-DNA aggregation and nucleosome formation. Of interest, rates of apoptosis are not increased in cells not subjected to stress. Our data and the data of Arlt et al. (2001) and are consistent with the pro-apoptotic role of IEX-1 in various cell types. Thus, most evidence suggests that IEX-1 facilitates apoptosis. Wu et al. (1998) suggested that a variant of IEX-1 that they called IEX-1L inhibited apoptosis. As noted earlier, Figure 5 IEX-1 overexpressing cells show higher apoptotic activity after serum withdrawal than control transfected cells. Cells were grown to 90% con¯uencey in DMEM containing FBS and then switched to DMEM without serum. Caspase 3 activity was assessed 3 and 6 days after serum removal. Two independent experiments were performed; caspase 3 activity is shown as a percentage value of that observed in the presence of serum Cells were grown in T175 tissue culture dishes to about 75% con¯uency. After 3 days in DMEM without FBS,¯oating cells in the medium were harvested by centrifugation. Protein amount and Caspase 3 activity of the¯oating cells and attached cells were individually assayed and the ratio of caspase 3 activity/protein was determined in each condition IEX-1L does not exist in cells (SchaÈ fer et al., 1999a) . It is likely that the results of Wu et al. (1998) are due to a reduction in the levels of authentic IEX-1 or competition with endogenous IEX-1 by the extended splice variant product.
In conclusion, we suggest that in basal conditions, i.e. in the absence of cellular stress, IEX-1 serves to enhance the growth rate of cells. However, when cells are stressed, IEX-1 induces apoptosis (Figure 6 ). Thus, IEX functions both as a stimulator of cellular growth but also, during stress, increases the rate of apoptosis in cells. These complex activities of IEX-1 may be important in regulation of cell proliferation and mass balance in normal epithelial cells. Furthermore, IEX-1 activities may be subverted in tumor cells, causing excessive proliferation and/or de®cient apoptosis and induce a state of uncontrolled increase in the malignant cell mass.
Materials and methods

Cell culture and transfection
HaCaT cells were grown in DME medium (Mediatech Cellgro, Va, AK, USA), supplemented with penicillin (50 U/ml), streptomycin (50 mg/ml) and 10% fetal bovine serum (FBS, Gibco BRL Life Technologies Inc., Gaithersburg, MD, USA), as described earlier Kobayashi et al., 1998) . For some experimental conditions cells were switched to media without FBS (`-Serum'). The stably transfected cell lines, containing the IEX-1 expression vector (IEX-1/pcDNA3.1/zeo(7)) or the empty sham vector (pcDNA3.1/zeo(7)) were established by transfection of HaCaT cells with the appropriate plasmids into HaCaT cells, using Lipofectamine (Gibco ± BRL). Cells were subsequently selected by culturing in basic HaCaT growth medium, containing 400 mg/ml Zeocin as described previously .
Induction of apoptosis and cell treatment
For UV-B treatment a FS20 UV lamp (Westinghouse, Twinsburg, OH, USA) was used, with main immittance in the UV-B range, peaking at 313 nm. To assure equal radiation doses for each sample, isodose lines were determined with a light meter (IL1400A Photometer, SEL240/UVB-1/TD Detector Assembly, International Light Inc., Newbury Port, MA, USA) and drawn on the platform where the lamp was ®xed. The distance from the light source ®lter to the sample was 10 cm, resulting in a radiation energy dose of 2.2 J/m 2 /s (133 J/m 2 /min). The lamp was allowed to warm for 15 min before treatment. Prior to irradiation, medium removed from the cells, and stored in a 378C water bath. The dish then was washed once with phosphatebuered saline (PBS) at 378C to remove detached cells and components of the medium that could interfere with irradiation (e.g. phenol red). One ml or 10 ml PBS were added to T60 or T175 dishes respectively to avoid desiccation of the cell culture during irradiation. After irradiation, the PBS was aspirated, and the previously collected medium was added to the dishes. The cells were placed in the tissue culture incubator until assays were performed.
The polymerase I inhibitor, camptothecin (Sigma Chemical Co., St. Luis, MO, USA) in dimethyl sulfoxide was diluted in warmed growth medium to a 5 mM concentration shortly before treatment. Medium was aspirated o the dishes, and replaced with camptothecin-containing medium. Cells were incubated for various time periods before analysis.
RNA isolation and Northern blot analysis
PolyA + mRNA extraction, Northern blotting and hybridization were performed using established methods as previously described Kobayashi et al., 1998) . cDNA probes were radiolabeled with [a 32 P]dCTP using the Gibco Random Primer Labeling System (Gibco ± BRL Life Technologies). Exposed ®lms were scanned and a densitometric analysis was performed using the NIH Scion Image Program. The area and density of IEX-1 images were measured and normalized to GAPDH.
Apoptosis assays
Caspase 3 activity was assessed with the Ac-DEVD-AMC synthetic tetrapeptide¯uorogenic substrate (PharMingen, San Diego, CA, USA). Cells were grown in T60 tissue culture dishes to 90% con¯uency and then harvested. Detached cells were gathered by centrifugation of the growth medium. Samples were lysed in cold lysis buer (10 mM TRIS HCl (pH 7.5), 10 mM NaH 2 PO 4 /NaPO 4 (pH 7.5), 130 mM NaCl, 1% Triton-X-100, 10 mM NaPP i ), scraped and transferred to the tube containing the pelleted detached cells. Cell debris was separated from lysate by centrifugation. Supernatant was then analysed. Protein concentrations of samples were determined using the BIO-RAD D c Protein Assay Kit (Biorad, Hercules, CA, USA). Equal protein amounts per sample were assayed by subsequent dilution in lysis buer.
Caspase 3 enzymatic activity was determined by incubation of 5 mg AC-DEVD-AMC substrate with 50 ml lysate for 1 h at 378C and subsequent determination of the cleavage product measured by¯uorogenic activity in a Cyto¯or plate reader (excitation wavelength: 380 nm; emission wavelength: 460 nm). Quadruplicate determinations were made for each sample, and mean values were calculated for quality control, lysate without substrate, pure lysis buer with substrate and lysate, substrate plus Ac-DEVD-CHO caspase 3 inhibitor (Pharmingen, San Diego, CA, USA) were assayed for caspase 3 activity in each experiment.
Results of caspase 3 assay were con®rmed with the Cell Death Detection ELISA PLUS Assay (Boehringer, Mannheim, Indianapolis, IN, USA), performed according to the Figure 6 Schematic representation of the dual eect of IEX-1 on cell growth and apoptosis. IEX-1 induces enhanced proliferation of cells exposed to EGF, serum or other growth-promoting factors. In the absence of mitogenic factors (serum withdrawal) or DNA-damaging agents, such as UVB or camptothecin IEX-1 induces apoptosis IEX-1 increases apoptosis D Schilling et al manufacturer's directions. Quadruplets for each sample were assayed. Pure isolated DNA-nucleosome complex, included in the kit, served as a positive control.
IEX-1-GFP localization
The full-length IEX-1 sequence was inserted upstream of the GFP-gene in the EGFP/C1 vector (Clontech Laboratories Inc., Palo Alto, CA, USA) to link GFP C-terminally to IEX-1 as described previously . The empty EGFP/C1 vector served as a control.
